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Abstract: We report picosecond pulse generation with high peak power in the range of 3.6 W from monolithic 
passively mode-locked tapered quantum-dot laser diodes, exhibiting low divergence and good beam quality. 
These results were achieved using a gain-guided tapered laser geometry.  The generation of picosecond 
pulses with high average power up to 209 mW directly from such tapered lasers is also demonstrated, 
corresponding to 14.2 pJ pulse energy (14.65 GHz repetition rate). A comparison between the mode-locking 
performance of these tapered lasers incorporating either 5 or 10 layers of InAs/GaAs self-organized quantum-
dots in their active layer is also presented. 
 
1. Introduction 
Semiconductor lasers with high output power and good beam quality are desirable for many 
commercial and scientific applications, such as medical treatments, biomedical imaging, free-space 
optical communications, optical pumping of solid-state lasers, laser display technology, material 
processing, and nonlinear optics [1-7]. Edge-emitting mode-locked semiconductor lasers with flared 
(tapered) waveguides are well-known for their capability to deliver high output power as well as ultrashort 
pulses. Tapered lasers typically consist of a straight ridge-waveguide section coupled to a tapered section 
[2-5]. While the straight waveguide acts as a spatial filter in the cavity, the tapered section of increasing 
width delivers high power. As a result, tapered lasers show a great potential for providing single spatial 
mode, good quality beams with high power, as demonstrated by Mar et al. [8]. In this paper, mode locking 
was achieved in an external cavity configuration, while using a quantum well In0.2Ga0.8As tapered laser – 
resulting in the generation of 3.3-ps pulses with 2-W peak power in the waveband of 980 nm [8]. 
Alternative technology based on high power passively mode-locked slab-coupled optical waveguide 
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lasers has been demonstrated recently [9], achieving average power levels of up to 212 mW, with pulse 
duration of 25 ps and at a 4.6GHz repetition rate, resulting in 1.84-W peak power at 1.55-µm wavelength, 
with InGaAsP multi-quantum wells grown on InP substrate.                                                                                                                                                                                                                                                                                    
Passively mode-locked quantum-dot (QD) lasers have drawn attention of late as efficient compact 
ultrafast and high-power light sources [10, 11]. Mode-locked index-guided tapered lasers based on 
InGaAs QDs have been demonstrated, generating transform-limited ultrashort pulses with pulse duration 
of 380 fs, average power of 15.6 mW and peak power of 2.25 W (at 12 oC) [12], although the 
mechanisms for the generation of transform-limited pulses from such a device without any additional 
dispersion compensation are not fully understood. In this paper we present the highest peak power (3.6 
W) ever achieved from a monolithic passively mode-locked quantum-dot tapered laser by using a gain-
guided tapered laser geometry.  
The fabricated and investigated tapered lasers incorporated either 5 or 10 layers of InGaAs/GaAs 
quantum dots. Picosecond pulse generation with a high average power of 209 mW corresponding to   
14.2 pJ pulse energy with 14.65 GHz repetition rate is demonstrated, which is more than one order of 
magnitude higher than previous results [12].  
2. Devices 
The QD epitaxial structures used in the tapered lasers were grown on a GaAs substrate using Molecular 
Beam Epitaxy (MBE). Two different structures were used, where the active region consisted of either 5 or 
10 identical layers of InAs quantum dots separated by 33 nm GaAs barriers and incorporated in a AlGaAs 
waveguide with 35% Al content. The tapered lasers were fabricated with planar gain-guided tapered and 
straight waveguide section defined only by ion implantation, resulting in a gain-guided geometry (Fig.1). 
The spontaneous emission coupling factor (β) in gain-guided lasers is larger than that in lasers with a 
comparable active layer volume and with a built-in index waveguide [13]. Owing to the large β, the 
spectral width of gain-guided lasers is significantly broader compared to lasers with a built-in index 
waveguide [13, 14]. Accordingly, broad spectra of gain-guided lasers could afford potential for narrow 
pulses compared to index-guided lasers provided all of the bandwidth can be engaged coherently. The 
tapered sections are 2370 µm and 2380 µm long for the 5 layers and 10 layers devices respectively, with 
2° taper angle, while the single spatial mode straight sections for mode filtering have a 400-µm length in 
both devices. A reverse bias was applied to the straight waveguide section, which acted as a saturable 
absorber. The total lengths of the devices were therefore 2.77 mm (2.78 mm), resulting in a pulse 
repetition rate of 14.65 GHz (14.57 GHz). The anti-reflection coating (TiO2/SiO2) on the tapered section 
3 
 
side and the high-reflection coating (Al2O3/Si)*3 on the ridge side were 3% and 95%, respectively. The 
central operating wavelengths are around 1250nm (1260nm) for the 5 and 10 layers devices respectively. 
The lasers were mounted on a Peltier cooler and their operating temperatures were stabilized at 20⁰C. 
3. Experimental results 
 By changing the driving conditions of the tapered and absorber sections (to which forward and reverse 
bias were applied respectively), stable mode-locking was achieved for a broad range of current and 
reverse voltage conditions. The light-current characteristics of the tapered lasers with 5 and 10 QD layers 
were measured at room temperature, and are shown in Figure 2.  The highest output power exceeds   
890 mW at 1800 mA, with a threshold current of 179 mA for 5-layer QD structure under uniform current 
injection into both gain and absorber sections. The slope efficiency of about 0.6 W/A with lasing 
wavelength of ~1252 nm can be obtained. On the contrary, the 10-layer QD laser has slightly lower 
output power (822 mW at 1830 mA) and larger threshold current (211 mA) under uniform injection. The 
range of driving conditions over which stable mode-locking occurs at 4-V reverse bias for the 5-layer 
quantum dot laser is illustrated in the upper left inset of figure1. The slope efficiency is estimated at     
0.55 W/A with lasing wavelength locating at ~1260 nm. We would like to point out that the difference in 
emission wavelength between the 5- and the 10-layer tapered lasers is not due to temperature variations, 
as the same bias conditions were applied and the same Peltier cooler was used to stabilise the operating 
temperature of  both lasers. The most probable causes for this difference could be the result of a QD 
structure discrepancy. In fact, as is well known, an increase in QD size can lead to slightly red-shift of the 
QD transition wavelength, whereas a minute increase of In content in the capping layer of InGaAs may 
also produce a red-shift of QD transition wavelength.  
The occurrence of stable mode-locking was examined as function of the bias conditions – as represented 
in Figure 3, the 10-layer QD laser showed a wider mode-locking region compared to 5-layer QD laser.  
For the 10-layer QD laser we also observed a narrow region where an unstable mode-locking regime was 
observed. In this regime, a combination of fundamental and harmonic  mode-locking was observed, as 
was evidenced in the RF spectra and in the autocorrelation measurements (not shown here). For the 5 
QD-layer laser, the pulse duration and average power were measured as function of applied gain current, 
for a reverse bias of -4V, as shown in Figure 4. A maximum high average power of 209 mW 
corresponding to 14.2 pJ pulse energy with 6-ps pulse duration is observed at -4V reverse bias and 1A 
current for this tapered laser.  
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The spatial beam characteristics of the 5-layer quantum-dot laser were also investigated in great detail. 
Far field and near field in the slow axis have been measured with a rotating photodiode and a vidicon 
camera. The gain-guided structure allows obtaining a stable far field with a low divergence. Indeed, under 
uniform injection (Figure 5), the far field full width at half maximum (FWHM) varies from 1.7° to 1.1° when 
the current increases from 400 mA up to 800 mA. The corresponding far-field FWHM values at 1/e2 vary 
from 3.4° to 2.6°, and the near field ones from 28 µm to 65 µm. Single-lateral mode with a low divergence 
was therefore achieved even under a high-current injection, with a beam quality parameter M2 below 2.  
Both tapered lasers - with either 5 or 10 layers of quantum dots - have demonstrated high peak power 
pulse generation. The highest peak power of 3.6 W is measured for a driving current of 950 mA (1044mA) 
and 5.1 V (4.9 V) reverse bias for 5 (10) layers lasers respectively. The corresponding autocorrelation, RF 
and optical spectra are shown in Figure 6 and Figure 7. Gaussian shapes have been assumed to 
calculate the pulse width. The combination of a pulse duration of 3.2 ps (3.3 ps), and an optical spectrum 
FWHM of 7.3 nm (8.4 nm) results in a time-bandwidth product (TBWP) of 4.4 (5.2) measured from the 5 
and 10-layer devices accordingly. The generated pulse is therefore not transform-limited, which opens the 
possibility for significant pulse post-compression, which the potential to boost the peak power up to ~20W 
by theoretical estimation. Future investigation work could be pursued by fabricating lasers with a smaller 
gain-to-absorber length ratio, for instance from 6:1 (as in the present work) to 4:1, in order to hopefully 
generate shorter pulses as described in ref. 12.  
4. Conclusion 
 Novel tapered quantum-dot lasers with a gain-guided geometry operating in a passively mode-locked 
regime have been fabricated and investigated, using structures that incorporated either 5 or 10 layers. 
The generation of picosecond pulses with high average power of up to 209 mW was demonstrated, 
corresponding to 14.2 pJ pulse energy. We demonstrate a low slow axis far-field, which remains stable 
even under a high-current injection. Furthermore, the highest peak power of 3.6 W is achieved for a 
tapered quantum-dot laser (corresponding to a pulse duration of 3.2 ps), with a  time-bandwidth product 
that offers the potential of further pulse post-compression for boosting the peak power up to 10 times – 
and thus forming the basis of an extremely compact ultrafast laser system.  
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Figure Captions 
Figure 1. Schematic of the two-section gain-guided lasers with 5 or 10 quantum dot layers (L1- absorber 
section, L2- gain section). 
Figure 2.  Light-current (L-I) characteristics  for fully connected 5-layer and 10-layer quantum dot devices. 
Upper left inset: L-I characteristics obtained for an applied absorber bias of -4 V.  Lower right inset: 
dependence between the threshold current and the absorber bias,   
Figure 3. Mapping of mode-locking regimes observed a) 5-layer quantum dot laser b) 10 layer quantum 
dot laser. 
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Figure 4. a) Pulse duration and b) average power dynamics at 4-V reverse bias for the 5-layer quantum 
dot laser. 
Figure 5. Far-fields under uniform injection for the 5-layer quantum dot laser. 
Figure 6. a) Autocorrelation, b) RF spectrum and c) optical spectrum for an injection current of 950 mA 
and reverse bias 5.1V for high peak power regime for the 5-layer quantum dot laser. 
Figure 7. a) Autocorrelation, b) RF spectrum and c) optical spectrum for an injection current of 1044mA 
and reverse bias 4.9 V for high peak power regime for the 10-layer quantum dot laser. 
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Figure 1. Schematic of the two-section gain-guided lasers with 5 or 10 quantum dot layers (L1- absorber 
section, L2- gain section). 
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Figure 2. Light-current (L-I) characteristics for fully connected 5-layer and 10-layer quantum dot devices. 
Upper left inset: L-I characteristics obtained for an applied absorber bias of -4 V.  Lower right inset: 
dependence between the threshold current and the absorber bias. 
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Figure 3. Mapping of mode-locking regimes observed a) 5-layer quantum dot laser b) 10 layer quantum 
dot laser. 
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Figure 4. a) Pulse duration and b) average power dynamics at 4-V reverse bias for the 5-layer quantum 
dot laser. 
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Figure 5. Far-fields under uniform injection for the 5-layer quantum dot laser. 
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Figure 6. a) Autocorrelation, b) RF spectrum and c) optical spectrum for an injection current of 950 mA 
and reverse bias 5.1V for high peak power regime for the 5-layer quantum dot laser. 
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Figure 7. a) Autocorrelation, b) RF spectrum and c) optical spectrum for an injection current of 1044mA 
and reverse bias 4.9 V for high peak power regime for the 10-layer quantum dot laser 
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